The development of sustainable active and stable heterogeneous catalysts for the oligomerization of ethylene to replace the unfriendly homogenous systems based on transition metal complexes currently applied in the industry still remains a challenge. In this work we show that bifunctional catalysts comprised of Ni loaded on nanocrystalline zeolite H-Beta can efficiently catalyze the oligomerization of ethylene with high stability and selectivity to liquid oligomers under mild reaction conditions. Ni-Beta catalysts were prepared starting from a commercial nanocrystalline H-Beta sample with Si/Al ratio of 12 via both ionic exchange (1.0-2.5 wt% Ni) and incipient wetness impregnation (1.1-10.0 wt% Ni) using aqueous Ni(NO 3 ) 2 solutions, followed by air-calcination at 550ºC. The Ni-Beta catalysts exhibited no signs of deactivation under the studied conditions (T= 120ºC, P tot = 3.5 MPa, P C2H4 = 2.6 MPa, WHSV= 2.1 h Additionally, most active Ni-Beta catalysts displayed a non-Schulz-Flory product distribution with high selectivity to liquid oligomers ( 60 wt%) and high degree of branching due to the contribution of the hetero-oligomerization pathway involving zeolite Brønsted acid sites.
ion exchanged Ni 2+ species as the likely active sites in Ni-Beta catalysts.
Additionally, most active Ni-Beta catalysts displayed a non-Schulz-Flory product distribution with high selectivity to liquid oligomers ( 60 wt%) and high degree of branching due to the contribution of the hetero-oligomerization pathway involving zeolite Brønsted acid sites.
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INTRODUCTION
Linear -olefins (LAOs) are valuable intermediates in the synthesis of a wide range of industrial and consumer products such as detergents, synthetic lubricants, surfactants, and plasticizer alcohols. Short-chain LAOs (C 4 -C 6 ) are also used as co-monomers in the production of linear low-density polyethylene (LLDPE). LAOs are currently produced through the liquid-phase oligomerization of ethylene using homogeneous catalysts comprising a transition metal (e.g. Ni
Co, Cr, Fe, etc.) complex assisted by an alkyl aluminum co-catalyst [1] . The homogeneous phase oligomerization processes suffer from several drawbacks, such as the high sensitivity of the organometallic catalyst to impurities in the feed, the cumbersome separation of the catalyst from the products and the solvent, and the limited catalyst reusability, among others. Supporting the organometallic complex on a high surface area porous solid, such as the ordered mesoporous MCM-41 silica [2] , may be regarded as a partial solution to the issue though, in this case, the potential contamination of the product by metal leached to the liquid phase from the supported catalyst has to be considered. It is, thus, clear that the development of alternative true heterogeneous greener catalysts enabling the oligomerization of ethylene at mild conditions is highly desirable though challenging.
Contrarily to the oligomerization of propene and higher alkenes, the initial activation and oligomerization of ethylene can hardly proceed via acid catalysis which would involve highly instable primary carbocation intermediates. In this respect, bifunctional solid catalysts comprising isolated nickel ions (thus mimicking the structure of the active site in the homogeneous systems) in ionexchangeable aluminosilicate matrices have been found active in the oligomerization of ethylene at moderate temperatures [3, 4, 5, 6, 7, 8, 9, 10, 11] . In these catalysts, Ni cations in ion exchanged positions are presumed to be responsible for the activation of ethylene and its oligomerization into linear oddnumbered C 4+ -olefins, typically following a Schulz-Flory distribution, through a coordination-insertion chemistry (so-called true oligomerization mechanism)
analogous to that reported for the homogeneous catalysts. At this point, it is pertinent to mention that, even though cationic Ni species in exchange positions have been generally postulated as the active sites in this mechanism, the oxidation state of the active Ni sites still remains controversial. This issue will be analyzed in more detail in section 3.3 on the basis of CO-FTIR experiments.
The most commonly studied acid carriers in Ni-based bifunctional ethylene oligomerization catalysts are amorphous SiO 2 -Al 2 O 3 [3, 4, 12] , Al-MCM-41 [5, 6] , and zeolites [7, 8, 9, 10, 11] . Thus, besides Ni sites, these catalysts do also typically bear Brønsted-type acidity due to protons associated to tetrahedral product. In this way, a mixture of highly branched C 5 -C 12 alkenes could be selectively produced which, upon a simple hydrogenation step, might be marketed as a high octane gasoline component. This feature endows the heterogeneous ethylene oligomerization process using bifunctional Ni-based catalysts with a higher flexibility regarding the product slate as compared to the traditional homogeneous processes. Microporous Ni-zeolite catalysts are, in principle, well suited to this purpose given the large variety of available pore structures and the possibility to fine tune their acidic properties. However, previous studies using Ni loaded on Y [8, 10] and MCM-22 [9] zeolites showed that, even initially active, the catalysts experienced a rapid deactivation with time due to heavy (mostly branched) oligomers formed on strong Brønsted acid sites that remained trapped in the micropores. Introducing mesoporosity in the zeolite should facilitate the diffusion of the bulkier oligomers and should, thus, result in an improved activity and stability during the reaction. In fact, it has been recently reported that catalysts prepared by loading Ni on the pillared MCM-36 zeolite showing both micropores (inside layers) and mesopores (in the interlayer space) deactivated at a lower rate and displayed a higher activity for ethylene oligomerization than their Ni-MCM-22 counterparts lacking the interlayer mesopores [9] . Accordingly, Ni-SiO 2 -Al 2 O 3 [3, 4] and Ni-Al-MCM-41 [6] catalysts having a mesoporous structure (more uniform and ordered in MCM-41 materials) were found active and resistant to deactivation in the continuous oligomerization of ethylene. Nevertheless, owing to their high hydrothermal and mechanical robustness, particularly as compared to the mesostructured M41-type aluminosilicates, the development of efficient Ni-zeolite catalysts is still of prime relevance and would probably increase the change for industrial implementation of a heterogeneous ethylene oligomerization process.
In this work, this issue has been addressed by employing a nanocrystalline Beta zeolite which displays a relatively high and somehow organized mesoporosity associated to the interparticle space. It will be shown that novel
Ni-Beta catalysts with the appropriate amount of Ni can stably and efficiently convert ethylene into a mixture of highly branched liquid oligomers at mild conditions. Finally, the nature of the active Ni species in Ni-Beta catalysts will be discussed based on in situ CO-FTIR experiments. , respectively, using the extinction coefficients reported by Emeis [13] .
EXPERIMENTAL SECTION

Preparation of Ni-Beta catalysts
The nature and oxidation state of surface Ni species in sample Ni(2.5)-B-ex was studied by FTIR spectroscopy of adsorbed CO. The infrared spectra of adsorbed CO were recorded at -20ºC in a Nexus 8700 FTIR spectrometer using a DTGS detector and acquiring at 4 cm reaction with pure ethylene at 120ºC for 60 min was also studied by ethylene-CO co-adsorption followed by FTIR. In these experiments CO (1 mbar) was first adsorbed at -20ºC and the spectrum registered. Then, ethylene (1 mbar) was adsorbed at the same temperature and the spectrum registered again.
Afterwards, the stability of the adsorbed species was investigated by submitting the sample to increasing temperatures from -20ºC to 12ºC. Subsequently, the cell was evacuated at 12ºC and 10 -5 mbar for 30 min, the temperature lowered to -20ºC, and 1 mbar of CO adsorbed onto the sample. Then, the IR spectra were collected.
Catalytic experiments
Ethylene oligomerization was carried out in a continuous flow fixed-bed reactor The hydrogenated product was then analyzed in the same gas chromatograph used in the oligomerization reaction. Identification of alkane isomers in selected carbon fractions was done by comparing the retention times with those of commercially available standard hydrocarbon mixtures.
RESULTS AND DISCUSSION
Characterization of the catalysts
As expected, the bulk atomic Si/Al ratio in the Ni-Beta catalysts determined by ICP-OES matched that of the starting zeolite (Si/Al=12). The main physicochemical properties of the parent H-Beta zeolite and Ni-Beta catalysts are presented in Table 1 Ni loading from 1.1 to 10.0 wt%. This decrease in textural parameters cannot be ascribed to a certain damage of the zeolite structure. Indeed, the crystallinity of the calcined samples relative to that of the original H-Beta (calculated from the area of the most intense BEA X-ray diffraction peak at 2 = 22.5º) remained higher than 96% even for the highly-loaded catalysts. Therefore, it is likely due to both a "dilution effect" and a partial pore blockage caused by NiO crystallites which, as will be shown below, are readily detected by XRD in the impregnated series at Ni contents 3.8 wt%.
The X-ray diffractograms for the calcined ion-exchanged and impregnated catalysts are shown in Fig. 1a and 1b, respectively. For comparison purposes, the XRD of the parent H-Beta sample is also included. The high crystallinity of the zeolite in both Ni(x)-B-ex and Ni(x)-B-im samples becomes evident by comparing their diffraction patterns with that of the parent zeolite. As seen in Fig. 1a , the Ni-Beta catalysts prepared by ionic exchange did only display the diffractions corresponding to the crystalline BEA structure, further supporting a high dispersion of the Ni species in the zeolite matrix. 
Ethylene oligomerization experiments
As discussed in the Introduction section, a rapid deactivation during the oligomerization of ethylene has been previously reported for microporous Nizeolite catalysts [8, 9, 10] . Conversely, under the applied reaction conditions (T= (Table 1) . Furthermore, it is worthy to note that for low Ni loaded samples no products higher than C 10 were formed and that the carbon number distribution of the oligomers with even carbon atoms closely resembled that expected for the statistical Schulz-Flory-type distribution (C 4 > C 6 > C 8 > C 10 ).
Both the high selectivity to butenes and the Schulz-Flory-type distribution point towards a predominance of the Ni-catalyzed true oligomerization pathway in the low Ni loaded Ni-Beta catalysts. Contrarily, Ni-Beta catalysts with higher Ni contents ( 2 wt%) produced significant amount of higher oligomers, of up to 16 carbon atoms, following a non-Schulz-Flory distribution (for the sake of clarity the oligomers with 13 to 16 carbon atoms have been grouped as C 13+ in Tables   2 and 3 ). These facts clearly indicate the occurrence of further oligomerization events on the remaining zeolite BAS (hetero-ologomerization route). As also seen in Tables 2 and 3 , odd-carbon numbered products were also formed in all catalysts though with a much lower selectivity (representing, for instance, less than 4 wt% of the C 4 -C 12 fraction). The presence of odd-carbon products is suggestive of the occurrence of secondary cracking reactions. Note that this is necessarily the case for C 5 alkenes, whereas larger odd-carbon products may also form by co-dimerization of C 4+ alkenes on the zeolite BAS since, in this case, no primary carbocations will be involved.
In principle, it would be expected that the higher the amount of butenes formed (that is, the higher the conversion of ethylene) on the Ni sites, the higher the extent of the contribution of the acid-catalyzed oligomerization to the formation of larger alkenes would be. In other words, the distribution of the formed oligomers would expectedly be dependent on the ethylene conversion.
Since the Ni-Beta catalysts were seen to display different ethylene conversions depending on the Ni loading (Figs. 4 and 5), it would be interesting to study whether or not the observed carbon distribution of the formed oligomers is exclusively a function of the conversion. To this respect, the selectivity to the predominant even carbon-numbered oligomers (taking the alkenes with 13 or more carbon atoms as a single fraction, C 13+ ) has been plotted against the conversion of ethylene in Fig. 6 . According to the observed trends, it is apparent that the distribution of the oligomer products obtained on Ni-Beta catalysts is primarily a function of the ethylene conversion. Moreover, by extrapolating the selectivity curves at zero conversion it is inferred that butenes, hexenes, octenes, and decenes are apparent primary products whereas dodecenes and larger alkenes are clearly secondary. At low conversions, the (apparent) primary products are obviously formed on the Ni sites while, at higher conversions, secondary products are likely produced from the primary ones via acid catalysis on the zeolite BAS. It is also evident from Fig. 6 that butenes and hexenes are unstable products, indicating that they are consumed on the zeolite acid sites to produce larger alkenes. Indeed, a net formation of octenes and decenes via acid-catalyzed dimerization of lower alkenes at increasing ethylene conversions is perceived in Fig. 6 .
Apart from increasing the average chain length of the oligomers, as seen before, the hetero-oligomerization route occurring on the zeolite BAS also lead to the formation of branched products. The degrees of branching (given as iso/(iso+n) ratios) for C 6 , C 8 , and C 10 oligomers as well as the distributions of C 8 isomers are given in Table 4 for selected ion exchanged and impregnated catalysts. As seen there, similar degrees of branching were found for the different Ni-Beta catalysts. The iso/(iso+n) ratios for the C 6 , C 8 , and C 10 fractions amounted to 0.17-0.20, 0.87-0.89, and 0.97-0.98, respectively. Since as discussed before cracking of heavy oligomers appeared to occur to a relatively low extent on Ni-Beta catalysts at the studied conditions, it is reasonable to assume that the formation of branched oligomers mainly takes place by skeletal isomerization of linear oligomers via PCP (protonated cyclopropane) intermediates. The observed trend in iso/(iso+n) ratios for the analyzed fractions is, thus, the consequence of an increasingly favorable branching isomerization as the carbon chain length increases. As also shown in Table 4 , all Ni-Beta catalysts lead to an alike distribution of C 8 isomers, with predominance of dibranched isomers (ca. 65%) followed by monobranched (ca. 20%), linear (ca. 10-13%), and tribranched, the latter representing only ca. 1%
of the total C 8 products. The above results suggest that the C 8 -C 12 olefinic fraction produced in the oligomerization of ethylene on Ni-Beta catalysts could be suitably used, after a simple hydrogenation step, as a high octane gasoline blending component.
Nature of active Ni sites in Ni-Beta catalysts
As commented in the Introduction, the nature of the Ni species responsible for the activation of ethylene and its oligomerization (true-oligomerization pathway) in bifunctional Ni-based heterogeneous catalysts is still a matter of controversy.
For instance, in a precedent work Yashima et al. [16] [19, 20, 21, 22, 24] , reduction with H 2 [22] or CO at high temperatures (350-450ºC), [21, 25, 26] , or even upon contact of the catalyst with ethylene [19, 20] . It is pertinent to mention here that in most of the above studies the conclusion that monovalent Ni + species are the active sites relied on room temperature CO-FTIR characterization results [12, 19, 20, 21, 24] . In a few cases, Ni + species were also detected by EPR spectroscopy [19, 20, 22] . It should be noted, however, that EPR is not able to detect Ni 2+ ions and that in one of those works [22] The fact that no NiO crystallites were detected in this sample by XRD (Fig. 1a) suggests that they are present in too low concentrations and/or as small-sized, XRD-silent, nanoparticles.
On the other hand, the IR spectra of CO adsorbed at -20ºC on the N 2 -pretreated sample after in situ reaction (1 bar) with ethylene at 120ºC for selected times are presented in Fig. 8 . The IR spectrum after 4 min of reaction (spectrum a) showed the bands at 2212 and 2150 cm -1 associated to Ni from -20ºC to 12ºC. After reaching 12ºC the sample was evacuated, the temperature lowered to -20ºC, and CO (1 mbar) adsorbed again onto the sample (spectrum c in Fig. 9 ). As it can be inferred by comparing the intensity of the CO-Ni 2+ bands at 2212 and 2201 cm -1 in spectra b and c, only a fraction of the ethylene molecules were desorbed from the ion-exchanged Ni 2+ sites after heating the sample at 12ºC. Therefore, even if ethylene was seen to preferentially adsorb on these sites, the adsorption was not too strong so as to completely block them preventing any further adsorption of ethylene molecules.
In conclusion, the above FTIR studies provide further experimental support in favor of isolated Ni 2+ species occupying ion exchange positions in the zeolite lattice as the main active sites responsible for the activation and true oligomerization of ethylene on Ni-Beta catalysts.
CONCLUSIONS
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Bifunctional Ni-Beta catalysts are active and stable in ethylene oligomerization.
Ni sites predominantly produce butenes and, to a lesser extent, hexenes and octenes.
Branched C 5+ alkenes formed by secondary oligomerization on Brønsted acid sites Based on CO-FTIR, Ni 2+ cations at exchange sites are proposed as Ni active sites.
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